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ABSTRACT 


In  fieid  and  laboratory  experiments  designed  to  study  overall  blast 
effects,  incidental  observations  were  made  of  the  ears  of  over  490  ani¬ 
mals.  Those  inside  structures  were  exposed  to  a  variety  of  "atypical" 
blast  waves.  Those  located  inside  shock  tubes  or  in  the  open  when  high 
explosives  were  detonated  were  exposed  to  fairly  "typical"  wave  forms. 
An  attempt  was  made  to  relate  the  incidence  of  eardrum  rupture  to 
various  elements  of  the  measured  pressure-time  curves.  The  asso¬ 
ciation  was  not  the  same  for  "typical"  and  "atypical"  wave  forms.  With¬ 
in  the  limits  of  the  meager  data  available,  the  quantitative  differences 
were  noted  and  discussed  with  emphasis  on  the  apparent  wide  variability 
in  tolerance  for  which  an  explanation  was  proposed. 
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PREFACE 


This  report,  a  by-product  of  long-term  laboratory  and  field  studies  in 
biological  blast  effects,  not  only  shows  the  alterations  in  .‘ree-field  blast 
waves  that  occur  when  the  pulse  enters  a  variety  of  structures,  but  docu¬ 
ments  the  observed  eardrum  failures  associated  with  exposure  of  animals 
to  "atypical"  and  "typical"  wave  forms. 

The  data  are  useful  to  military  and  civilian  physicians,  industrial  otol¬ 
ogists  and  all  other  health  and  safety  personnel  including  those  who  have 
research  interests  in  establishing  quantitative  dose- response  criteria  for 
individuals  exposed  to  blast-induced  variations  in  pressure. 

Besides  suggesting  that  tolerance  is  higher  for  "slow"-  than  for  "fast"- 
rising  wave  forms,  the  findings  demonstrate  a  wide  variability  in  the  mag¬ 
nitude  of  the  overpressures  required  to  rupture  the  eardrum. 

Though  strictly  limited  to  the  mammalian  species  studied,  it  is  likely 
that  the  eardrum  of  man  is  probably  sensitive  to  the  shape  and  character 
as  well  as  the  magnitude  and  duration  of  the  blast  wave.  However,  toler¬ 
ance  to  classical  wave  forms  seems  to  be  different  than  for  "atypical"  ones, 
but  it  is  not  now  possible  to  assign  responsibility  for  this  to  early,  inter¬ 
mediate,  or  late  components  of  the  pressure  pulse. 

The  research  was  conducted  according  to  the  principles  enunciated  in  the  "Guide 
for  Laboratory  Animal  Facilities  and  Care, "  prepared  by  th  National  Academy  of 
C  fences — National  Research  Council. 

Tbs  authors  are  grateful  to  Dr.  E.  Royce  Fletcher  for  help  with  the  probit  and 
related  evaluations;  to  Mr.  Wilmer  R.  Kerzee  and  the  staff  of  toe  Department  of 
Blomathematlco  and  Computer  Systems  for  processing  the  data;  to  Mr.  Robert  A. 
Smith  and  others  in  the  Medical  Illustration  Department  for  aid  with  the  illustrative 
material  to  Dr.  Donald  E.  Kilgore,  Jr. ,  Dr.  Emanuel  M.  Roto  and  Dr.  Frederic 
G.  Hirsch  for  comments  on  the  manuscript. 
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INTRODUCTION 


Though  perforation  of  the  tympanic  membrane  may  open  the  middle 
ear,  mastoid  air  cells,  and  the  Eustachian  tube  to  the  invasion  of  patho¬ 
gens  and  other  foreign  materials  via  the  external  auditory  meatus, 
traumatic  failure  of  the  eardrum  is  of  medical  interest  for  several 
other  reasons.  Not  least  of  these  is  the  fact  that  rupture  of  the  mem¬ 
brane  may  help  protect  the  ossicles  and  inner  ear  from  o\erload  when 
a  single  exposure  to  pressure  variations  associated  with  explosive 
events  occurs.  Also,  the  drum  plays  a  role  in  the  transfer  of  energy 
through  tlie  oval  window  to  the  organ  of  Corti  via  the  ossicles  and  the 
endolymph  when  repetitive  exposure  to  blast  and  high  noise  levels  oc¬ 
curs.  Thus  the  dynamic  properties  of  the  drum  are  of  importance 
whether  acute  or  chronic  situations  are  involved,  and  it  follows  that  any 
quantitative  data  relating  the  characteristics  of  the  loading  pulse  to  the 
magnitude  of  the  membrane's  response  are  of  interest  to  the  clinical 
and  industrial  otologist. 


Some  relevant  observations,  noted  during  field  and  laboratory  ex- 

have  been  made  periodically 
included  notations  of  eardrum 


periments  designed  for  other  purposes,  h 
beginning  as  early  as  ?  yS3.  >-‘3  These  i< 


failure  in  animals  exposed  to  "typical"  and  "atypical"  blast-produced 
pressure  pulses.  The  findings  have  been  reassessed  to  explore  the 
possibility  of  there  being  a  difference  in  response  attributable  to  gross 
variation  in  the  form  of  the  pressure  pulse  loading  the  eardrum.  The 
purpose  of  this  paper  is  to  review  and  summarise  the  data  at  hand,  some 
of  which  imply  that  the  tympanic  membrane,  like  the  animal  as  a  whole, 
is  indeed  sensitive  to  the  character  as  well  as  the  magnitude  of  the  blast 
wave. 


METHODS 

I,  General 

The  effects  of  blast-induced  pressure  variations  were  studied  in 
several  species  of  animals  exposed  in  different  instrumented  locations 
during  field  and  laboratory  studies.  All  animals  were  preconditioned  to 
harness  or  cages  used  to  control  and  maintain  position  before  and  after 
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exposure.  Among  the  data  reported  were  the  pressure-time  records  and 
the  incidence  of  eardrum  rupture.  These  were  obtained  during  field 
operations  involving  nuclear  explosions  at  the  Nevada  Test  Site  in  1953, 
1955,  and  1957  and  following  a  500-ton  TNT  explosion  in  1964  at  the  Suf- 
field  Experimental  Station,  Alberta,  Canada.  The  laboratory  results  on 
the  ear  were  obtained  with  a  shock  tube  in  Albuquerque,  New  Mexico, 
during  experiments  to  determine  threshold  injury  to  the  lung. 

In  each  instance  the  pulse  of  overpressure  was  "long"  for  all 
species  involved,  ranging  from  around  140  to  over  1,000  msec  in  some 
cases.  Though  details  of  the  expc  "’mental  conditions,  the  placement  of 
pressure  gauges  in  relation  to  the  animals,  the  exposure  geometry,  the 
magnitude,  character  and  duration  of  the  measured  overpressures,  and 
the  overall  biomedical  effects  have  been  published  elsewhere,  pertinent 
information  elucidating  the  different  experimental  arrangements  will  be 
noted  below.  1-3,8-13 


2.  Exposures  to  "Atypical"  end  "Near-Typical"  Wave  Forms 

Exposures  to  a  variety  of  "atypical"  wave  forms  occurred 
mostly  inside  a  variety  of  structures,  including  foxholes  of  two  designs, 
situated  at  various  ranges  from  full-scale  nuclear  or  TNT  detonations. 

In  contrast,  exposures  to  "typical"  or  "near-typical"  pressure  pulses 
involved  two  situations;  namely,  stations  in  the  open  with  the  animals 
positioned  against  a  stout  wire  mesh  or  against  a  metal  plate  closing  the 
end  of  a  shock  tube.  In  both  instances,  the  orientation  was  side-on  to 
the  advancing  Hast  waves.  Additional  explanations  follow. 

a.  "Atypical"  or  Disturbed  Wave  Forms 

"atypical"  or  disturbed  .rave  forms  occurred  inside  long 
tubular,  square,  and  rectangular,  below-  or  above-ground  structures 
tested  "mostly  open,  "  but  rarely,  "mostly  closed."*  Pressure  gauges 
were  flush  mounted  on  the  walls  (or  floors), and  animals,  preconditioned 
to  harness  or  cages,  were  restrained  at  stations  located  nearby.  Each 
geometry  uood  will  now  be  noted. 

Cylindrical  Shelters 

In  1953  a  total  of  44  dogs,  restrained  at  various  stations 
inside  two  buried  cylindrical  structures  (7  ft  in  diameter  and  50  ft  in 
length),  with  walk-down  ramps  of  two  configurations,  were  exposed  to 
overpressures  from  two  nuclear  detonations.  1  **,  11  Apian  view  of  the 
two  structures  is  included  in  Figure  1  along  with  the  location  of  the  ani¬ 
mals  and  the  wall-mounted  pressure  gauges.  Also  the  maximu. ,i  pres¬ 
sure  and  the  related  duration  are  noted  near  each  pickup  from  which  a 
record  was  obtained. 


♦"Mostly  open''  implies  tests  in  structures  without  roof  or  doors  or 
with  failu"*  of  windows  and  doors;  "mostly  closed"  is  used  to  denote  in¬ 
stances  in  which  the  blast  wave  entered  through  open  ventilation  ducts  or 
leaked  past  cracks  around  unsealed,  but  blast-resistant,  doors. 
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Figure  1  Plan  View  of  601  and  602  Sheltera  and  Contents  as  Used  on  Experiments  I  and  n. 


Sample  wave  forms  from  "slow"  and  "fast"  traces,  as 
available  for  the  three  transducers  numbered  1,  2,  and  3  for  Shelter  601 
and  9,  10,  and  11  for  Shelter  602,  are  shown  in  Figures  2  and  3.4,11 

In  addition  on  another  test  of  the  1953  series,  there 
were  four  other  dogs  exposed  inside,  but  near  the  open  end  of  a  blocked- 
off  segment  of. a  similar  cylindrical  shelter.  The  open  end  was  entered 
by  a  slit  trench  with  walk-down  ramps  at  right  angles  to  the  axis  of  the 
shelter.  Maximal  pressures  were  recorded  with  floor-mounted  mechan¬ 
ical  gauges,  but  pressure  traces  were  not  obtained.  1 

Square  Shelters 

In  1955  a  total  of  40  dogs  were  exposed  inside  25  x  12  ft 
buried  shelters  partitioned  to  give  two  rooms  each  12  x  12  ft  with  a  ceiling 
height  of  8  ft;  see  top  of  Figure  4.  2  The  bottom  portion  of  Figure  4  shows 
the  locations  of  pressure  gauges  and  dogs  on  one  of  two  series  of  experi¬ 
ments  carried  out  in  1955.  In  addition  to  the  small  animals  shown  on  the 
table  on  the  left  side  of  the  lower  diagram  in  Figure  4,  others  were  sus¬ 
pended  in  cages  from  the  ceiling  and  still  others  in  cages  were  placed  be¬ 
low  the  benches  on  the  right-hand  side  of  the  partition.  For  further  de¬ 
tails  about  the  positions  of  '  .nail  animals  in  Series  I  and  II  experiments 
in  1955  the  reader  is  referred  to  Reference  2. 

The  chamber  shown  in  Figure  4  on  the  right-hand  side 
of  the  partition  received  the  blast  through  the  main  entryway  that  faced 
ground  zero,  all  doors  having  been  removed  preshot.  This  was  termed 
the  "fast-fill"  side  of  the  shelter  in  contrast  with  the  "slow-fill"  side 
located  on  the  left-hand  side  of  the  partition.  The  latter  chamber  re¬ 
ceived  blast  pressures  and  winds  through  a  3-ft  square  escape  chimney 
which  pierced  the  roof  and  ran  vertically  to  ground  level.  The  location 
of  the  escape  hatch  is  shown  with  dotted  lines  at  the  upper  left-hand  cor¬ 
ner  of  the  views  in  Figure  4. 

Pressure-time  records  obtained  in  1955  from  the  gauges 
located  inside  the  "fast"-  and  "slow-fill"  sides  of  the  shelter  in  Series  I 
and  Series  II  experiments  are  reproduced  in  Figure  5.2*5,11  The  inci¬ 
dent  pressure  pulses,  monitored  outside  each  structure  and  having  an 
early  and  delayed  rising  pulse,  are  also  shown  at  the  bottom  left-  and 
right-hand  records  in  Figure  5. 

In  1957,  24  dogs  were  exposed  on  two  occasions  in  one 
of  the  1955  shelters  mentioned  above.  3  Exposure  conditions  including 
location  of  the  pressure-time  gauges  are  shown  in  Figure  6  for  what  were 
termed  the  8001  and  8002  arrangements.  Pressure-time  curves  recorded 
following  each  shot  are  depicted  in  Figure  7.  3,7 

Rectangular  Shelters 

Basement  exit-type  shelters,  rectangular  in  shape  as 
shown  in  the  plan  view  at  the  top  of  Figure  8,  were  tested  "mostly  open" 
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Pressure- Time  Records  Inside  Main  Room  of  602  Shelter  on  Experiments  I  and  n. 


Plan  view  of  partitlonad  group  (bin!  biology)  choltor 
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Figure  4  Plan  View  of  Partitioned  Group  (Blaat  Biology)  Shelter  and 
Partitioned  Group  Shelter. 
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Figure  6  Location  of  Animal*  and  Inatrumeata  In  Shelter*  8001  and  8002. 
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* 4fUr*  7  Pre**ur*-Tlme  Curve*  u  Recorded  Inside  Shelter*  8001  and  8002. 
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■  Air  pressure  fug*  -  3  ft  from  floor 
n  rUm  do»im»t«r* 

NOTE:  Closed  Basement  Exit  Shelter  shown 

Pertly  Open  Shelter  hed  no  inner  door,  sir  bottles 
or  missile  trap 

Open  Shelter  hed  no  sir  bottles  or  inner  door 

Missile  Trap:  32. 75”  high,  24.30"  long  end  IT.  i2"uide 
(outside  dimensions) 

Inside  measurements  shown 

lutmtM  exit  ihelwf 


•I  M  «t  M  M  •  *  ♦ 


TUX  (ml 


Ptitwu-limi  iKwti  >•>*»«»  tut  wuiti  |iKiti«| 
MS  iMIuit  (I4X*««  MTO  tX  UTS  h) 


"r  m«>  «->  4  m. 

•I  ‘v  . 


•'  i  »*  •*  ,%  1  •* 


I 


**  «•■’  f  Me  w  Mu  | 
•‘MS*  >»+*. 


3  e*— r. 

c 


-B — sr 


(Date  torn  Reference*  2,  $,  6) 


M  ImI 

Pr«*»w«-lun*  racorSa  aaS  ewtaiSe  |>ik>4*m|  U»m<M 

salt  ilwlKii  (raafa  DM  t<) 


Figure  8  Basement  Exit  Shelter  and  Pressure- Time  Records  Inside  and 
Outside  (Incident)  Basement  Exit  Shelters. 
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and  "mo»tly  closed"*  on  two  events  in  1955.2  Six  degs  were  exposed  in 
three  shelters  in  the  Series  I  experiment  and  eight  in  four  shelters  in  the 
Series  II  experiment.  The  available  pressure-time  records  inside  and 
outside  the  shelters  are  included  in  the  bottom  portion  of  Figure  8.  2.  5,6 

The  "Mostly  Closed"  Utility  Shelters 

Three  utility  shelters  containing  two  dogs  each  were 
tested  in  the  1955  Series  II  experiment.  2  The  roof  of  each  shelter  was 
pierced  by  a  vent  pipe  3  in.  in  diameter,  and  the  main  entryway  was  pro¬ 
tected  by  a  heavy  blast  door  though  an  ordinary  door  opening  inward  was 
also  included.  Figure  9,  showing  a  plan  view  diagram  of  the  shelter,  also 
includes  the  pressure-time  curves  recorded  inside  and  outside  the  struc¬ 
tures.  2.5  The  forward  shelter  was  overturned  by  the  blast  wave, and  no 
data  were  obtained  from  the  wall  gauge. 

Other  "Most ly  Open"  and  "Mostly  Closed"  Shelters 

Three  other  shelters,  each  housing  two  dogs,  were  also 
tested  in  the  1955  Series  II  experiment.  Two  of  these,  the  basement 
corner  room  and  the  basement  lean-to  shelters,  shown  diagramatically 
in  the  first  portions  of  Figure  10,  were  located  in  the  basement  of  a  house.  ^ 
Neither  shelter  had  doors.  In  contrast,  the  "mostly  closed"  concrete  bath¬ 
room  shelter,  also  shown  in  Figure  10  and  containing  two  dogs,  was  located 
in  a  house,  but  the  ordinary  door  and  window  were  protected  with  a  wooden 
blast  door  and  shutter,  respectively.  The  free-field,  incident  pressure- 
time  record  and  those  obtained  inside  the  three  shelters  mentioned  above 
are  shown  in  the  last  portion  of  Figure  10.2,5,6 

Foxhole  Exposures 

In  19u  .  at  the  500-ton  test  explosion  at  the  Suffield  Ex¬ 
perimental  Station,  Ralston,  Alberta,  Canada,  18  goats  were  exposed, 
one  each  inside  foxholes  of  two  configurations  placed  at  three  ranges 
from  ground  aero.  *  A  diagram  of  the  deep  foxhole,  along  with  the 
pressure-time  records  obtained  from  instruments  placed  inside  one  fox¬ 
hole  at  each  range,  is  shown  in  Figure  II.  10, 14  Similar  data  are  given 
in  Figure  12  for  the  foxholes  with  an  offset  compartment  inside  which  the 
goat  was  exposed  lying  down.  10.14  The  animals  in  the  deep  foxholes 
were  standing. 


To  show  the  type  of  free-field  incident  wave  forms 
recorded  either  at  or  near  the  same  range  as  the  foxholes,  two  tracings 
are  included  at  the  top  of  Figure  13.  10*  »4 


•The  "mostly  closed"  shelters  were  pressurised  through  a  3-in. 
vent  pipe  piercing  the  roof  and  by  leakage  past  four  heavy  doors  closing 
the  entryway.  The  "moetiy  open"  shelters  were  those  tested  without 
doors,  with  two  rather  than  four  doors,  and  the  four-door  arrangement 
when  one  or  more  doors  failed. 


IS 


Air  pressure  gage 


C 


y 


Animal  (Dog) 


Rahf»rea4  ratnU  atUtty  akaHar . 
Sunil  SsiHii  m  U»»». 


car««i  uni4v  '<*4  outside  eUttiy-l^ 

shelters 


(  Data  from  Rafareacai  2,  5,  6) 

Figure  9  Reinforced  Concrete  Utility  Shelter  and  Pressure-Time 
Curves  Inside  and  Outside  Utility-Type  Shelters. 


Bmmm  uhii  rasa  tteltor  Caattt  amiiam  in  ikmnt. 
(  Dau  from  Raftrtscsi  2,  5,  fl) 


Figure  10  Basement  Corner  Room  Shelter,  Basement  Lean-To  Shelter, 
Concrete  Bathroom  Shelter,  and  Pressure- Time  Curves  Obtained  Near 
a  House  (Incident)  and  lnstde  Shelters  Situated  In  the  House. 
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Axr  pressure  gage 


Animal  (Dog) 


BkMDacQt  liu-M  shelter  iiMidc  nearuMBUstw  are  shown). 


(I  01  to  IJ  80  8*  *» 


|  Air  pressure  gage  30  In.  above  floor 
[•  Animal  (Dog) 

-  -  -  — Winder* 

—  - - ■  Blast  door  and  shutter 

Ceeerete  bathroom  shelter  Onatde 
iseresseeU  are  shown). 


Pressure-time  curves  obtained  near  a  houee  (incident)  end 
Inside  shelter*  slluolsd  in  tht  house  (boihroc  jround 
floor;  Ison- to  and  corner  room  -  basement) 


Figure  10  Basement  Corse?  Room  Shelter,  Basement  Lean-To  Shelter, 
Concrete  Bathroom  Shelter,  and  Pressure-Time  Curves  Obtained  Near 
a  House  (incident)  and  Inside  Shelters  Situated  in  the  House.  (Continued) 


(Dat*  from  Rcfarancai  10,  14)  DEEP  FOXHOLE 


Figure  11  Diagram  of  Deep  Foxhole  and  Pressure- Time  Records  Obtained 
from  Instruments  Placed  Inside  One  Foxhole  at  Each  Range. 
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OVERPRESSURE,  psi  OVERPRESSURE,  psi  OVERPRESSURE,  pti 


380  f!  (30  psi) 
OFFSET  FOXHOLE 


0  20  40  60  80  100  120  140  160  ISO  200 


OEEP  FOXHOLE  WITH  OFFSET 
(Data  from  Raferenoet  10,  14} 


Figure  12  Diagram  of  Deep  Foxhole  with  Offset  and  Pressure-Time  Records 
Obtained  from  Instruments  Placed  Inside  One  Foxhole  at  Each  Range. 
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b.  "Typical"  or  "Near -Typical. 11  Wave  Forms 


Exposures  of  animals  to  "typical"  or  "near -typical"  wave 
forms  were  accomplished  in  the  open  during  the  500-ton  trials  mentioned 
above  and  in  the  laboratory  with  a  shock  tube. 

Free-Field  Exposures 


Goats,  55  in  number,  were  tethered  against  stout  screens 
to  prevent  displacement  and  exposed  right  side-on  to  the  blast  wave  ema¬ 
nating  from  the  500-ton  charge  detonated  in  Canada.  3*9  A  sketch  of  a 
screen  and  an  animal  is  shown  in  the  right  portion  of  Figure  13.  A  sample 
free-field  wave  form  recorded  between  the  10-  and  15-psi  stations  where 
10  goats  each  were  located  is  shown  at  the  bottom  of  the  figure.  Also, 
other  animals  were  situated  at  7  stations  (5  at  each  station)  spaced  about 
5  psi  apart  ranging  from  30  to  60  psi.  9 


Shock  Tube  Exposures 

In  experiments  to  study  minimal  blast  lesion  of  the  ca¬ 
nine  lung,  11,12,  15  72  dogs  were  exposed  to  "fast"-rising  overpressures 
enduring  for  approximately  400  msec.  The  equipment  employed  and  a 
sample  wave  form  achieved  are  illustrated  in  Figure  14.  lo  The  animals 
were  tethered  in  harness  with  the  left  side  against  the  metal  plate  closing 
the  end  of  the  shock  tube. 


3.  Data  Analysis 

The  relationships  between  specified  magnitudes  of  the  overpres¬ 
sure  pulses  recorded  by  gauges  located  nearest  the  animal  stations  (or 
an  average  of  several  gauges  in  some  instances)  and  the  associated  inci¬ 
dence  of  eardrum  ruptures  were  explored  in  several  ways.  Initially, 
simple,  arithmetic  plots  were  made  from  the  tabulated  data  grouped  and 
averaged  in  various  ways.  Subsequently,  selected  material  was  graphi¬ 
cally  compared  using  log-normal  paper.  Finally,  the  more  significant 
relationships  were  analyzed  by  the  probit  technique  of  Finney.  17  Com¬ 
putations,  including  the  probit  curves  and  the  95-per  cent  confidence 
limits,  were  programmed  and  completed  using  the  Burroughs  B  5500 
data  processing  system.  Input  data  consisted  of  cither  "small"  or 
"large"  groups  of  data  with  the  mean  overpressure  for  each  group  ex¬ 
pressed  as  the  arithmetic  averages  or  as  the  geometric  means.  Only 
the  most  significant  procedures  and  results  will  be  reported  here  and  es¬ 
sential  details  will  be  specified  in  appropriate  portions  of  the  material 
which  follows. 


RESULTS 


1.  General 


Though  the  present  study  includes  data  based  on  guinea  pigs, 
rabbits,  dogs,  goats  and  a  few  swine  as  detailed  in  Table  1,  most  at¬ 
tention  was  directed  to  the  dog  and  goat  analyses.  After  presentation 
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Figure  14  Shock  tube  that  ganaratad  "aharp"-riaing  ovarpraaauraa 
of  about  400-maac  duration  and  a  aampla  of  tha  wava 
form  racordad  from  a  gauga  locatad  at  tha  cantor  of 
tha  and  plata. 


TABLE  1 


NUMBER  OF  ANIMALS  AND  EARDRUMS  ASSESSED  AND 
RUPTURED  WHEN  EXPOSED  TO  "FAST".  AND  "SLOW- 
RISING  OVERPRESSURES  OF  "LONG"  DURATION* 


Operation 

or 

Source 

_ Number  of  Animals _ 

Guinea 

Pigs 

Rabbits 

Dogs 

Swine 

Goats 

R/N** 

Ups  hot - 
Knothole 
1953 

48 

8/96 

Teapot 

1955 

52 

52 

64 

45/111 

49/67 

34/56 

Plumbbob 

1957 

84 

36 

24 

8 

114/144 

47/69 

21/46 

7/8 

Laboratory 
(last  few  years) 

72 

115/144 

Snow  Ball 
1964 

58 

89/103 

TOTALS 

136 

88 

208 

8 

58 

529/844 

♦Upshot-Knothole,  Teapot,  Plumbbob --Nevada  Teat  Site-- 12.  5-psi 
ambient  pressure. 

Laboratory,  Albuquerque,  New  Mexico-- 1 2.  O-psi  ambient  pressure. 
Snow  Ball,  Suffield  Experimental  Station,  Ralston,  Alberta, 

Canada- - 1 3.  7-psi  ambient  pressure. 

♦♦(Number  eardrums  ruptured)/(Number  assessable). 
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of  the  tabular  information,  the  "large"  and  "small"  animal  material  will 
be  considered  more  in  detail. 


Observations  involving  the  rupture  of  the  eardrums  of 
136  dogs  exposed  near  instrumented  locations  at  the  Nevada  Test  Site  in 
the  1953,  1955,  and  1957  field  operations  are  set  forth  in  Table  2.*  The 
grouped  data  show  the  arithmetic**  and  geometric*  means  of  the  maxi¬ 
mal  pressures  measured  and  the  related  incidence  of  eardrum  failure. 
To  emphasize  the  diversity  of  the  wave  forms  to  which  the  animals  were 
subjected,  the  average  rates  of  pressure  rise  are  shown  in  the  table. 


"Near-Typical"  Wave  Forms 


In  contrast,  animals  studied  in  the  shock  tube  were  ex¬ 
posed  to  much  more  uniform  pulses  of  overpressure  (see  Figure  14).  The 
findings  on  72  dogs  are  detailed  in  Table  3.  T  e  maximal  overpressures 
shown  are  the  measured  reflected  pressures  occurring  following  the  impact 
of  the  incident  shock  (also  measured)  with  the  end-plate  of  the  shock  tube. 

In  the  grouped  data,  the  average  overpressures  given  are  the  unweighted 
and  weighted  arithmetic  as  well  as  the  weighted  geometric  means.  Those 
who  would  peruse  the  raw  data  are  referred  to  the  table  In  the  Appen¬ 
dix,  The  latter  shows  the  incident  \d  reflected  pressures  measured 
for  the  exposure  of  each  animal.  Also  the  data  for  the  right  and  left  ears 
are  shown  separately. 


b.  Coats 


jical"  Wave  Forms 


Among  the  goats  exposed  in  the  open  at  Operation  ITnow 
Bali  in  1964  to  the  blast  wave  from  a  500-ton  TNT  detonation,  there  were 
40  whose  eardrums  were  observed  postshot.  Details,  given  in  Table  4, 


♦All  animals  survived  and  were  recovered  within  a  few  hours  after 
exposure  except  two  critically  injured  as  a  result  of  translational  events. 

♦♦In  contrast  with  the  weighted  arithmetic  mean  computed  using  a 
pressure  for  each  animal. 

'f'f'he  weighted  geometric  mean  is  computed  as  the  Nth  root  of  the 
products  of  the  pressures  included,  one  for  e&ch  animal.  (N  *  number 
of  animals) 


TABLE  2 


DOG  EARDRUM  TOLERANCE  WHEN  EXPOSED  INSIDE 
SHELTERS  AT  THE  NEVADA  TEST  SITE  TO 
"SLOW-RISING,  "LONG "-DURATION  OVERPRESSURES 
(AMBIENT  PRESSURE:  12.  5  PSI) 


Average 
Rate  of 

Pressure  Number  Drums 


Pmax-  P«i 

Rise 

of 

Ruptured 

Operation  Range 

Average** 

21 

i/msec 

Dogs 

R/N++ 

Per  Cent 

TP* 

1.3 

1.3 

0.003 

2 

0/4 

0** 

TP 

2.6 

2.6 

0.  009 

2 

0/4 

0** 

TP 

3.7 

3.7  (2.3) 

0.  028 

2 

0/4 

0** 

PB* 

4.  1 

4.  1 

0.020 

2 

1/4 

25 

TP 

4.  3 

4.3 

0.  02 

2 

0/4 

0 

TP 

4.6 

4.6 

0.05 

2 

1/4 

25 

TP 

6.7 

6.7 

0.03 

10 

0/20 

0 

UK* 

7. 5-8. 5 

8.0 

0. 

12-0.20 

12 

1/24 

4.2 

PB 

9-10 

9.5 

0.80 

5 

0/10 

0 

Total 

4.  1-10 

6.2  (7.0) 

33 

3/66 

4.6 

UK 

8-13 

10.5 

0. 

18-0.42 

17 

0/34 

0 

TP 

11.5-13.5 

12.5 

0.  155 

2 

0/4 

0 

UK 

12.5-16.0 

14.3 

0. 

44-Inst. 

8 

1/16 

6.3 

TP 

18.5 

18.5 

0.325 

2 

2/4 

50.0 

TP 

21.4-22.8 

22.  1 

0. 

154-0. 191 

10 

8/12 

66.6 

Total 

8.0-22.8 

15.6  (13.  1 

) 

39 

11/70 

15.7 

UK 

19.0-24.0 

22.5 

0. 

50-Inst. 

7 

1/14 

7.  1 

PB 

23.8-27.0 

25.  5 

0.  481 

9 

8/16 

50.0 

PB 

30.0-30.  5 

30.  3 

0.466 

8 

12/16 

75.0 

TP 

26.6-36.9 

33.8 

0. 

313-0. 773 

10 

10/20 

50.0 

Total 

19.0-36.9 

28.0  (27.8) 

34 

31/66 

47.0 

UK 

38 

38  "Fast" 

’mech.  gauge)  4 

5/8 

62.5 

TP 

38.6-43.  1 

40.9 

1. 

09-7.84 

2 

2/4 

50.0 

TP 

38.6-47.0 

42.8 

1. 

05-2.  19 

2 

2/4 

50.0 

TP 

53 

53.0* 

10.6+ 

2 

3/4 

75.0 

Total 

38-53 

43.7  (42.2) 

10 

12/20 

60.0 

63.6-73.2 

66.6 

0. 

587-0.812 

10 

10/12 

83 

71.6 

71.6 

0.645 

2 

3/3 

100 

.  3H 

85,5 

85.5 

21.45 

2 

4/4 

100 

Total 

63.6-85.5 

74.6  (71.0) 

14 

17/19 

89.5 

•TP  -  Teapot  (WT-1179) 

PB  -  Plumbbob  (WT-1467) 

UK  -  Upshot -Knothole  (WT-798) 

••Not  used  in  average  for  following  group. 
•Insantaneous 
♦Estimated  value. 

♦♦(Number  eardrums  ruptured) /(Number  i 


’•Figures  represent  either  single 
values  or  the  average  of  those  from 
more  than  r*»e  gauge.  Values  in  pa¬ 
rentheses  •  the  weighted  geometric 
means;  other  total"  pressure  figures 
are  the  unweighted  arithmetic  means, 
sessable). 


ts 


TABLE  3 


•AU  animals  except  on*  in  ths  highest  pressure  group  survived  exposure; 
those  subjected  to  overpressures  above  30  psi  showed  a  post-exposure  increase 
la  leaf  weight  above  controls. 

•♦(Humber  eardrums  ruptured) /(Number  assessable). 


TABLE  4 


GOAT  EARDRUM  TOLERANCE  WHEN  EXPOSED  SIDE  ON 
IN  THE  OPEN  TO  "FAST”- RISING  OVERPRESSURES  OF 
"LONG"  DURATION  FROM  A  500 -TON  TNT  EXPLOSION 
(AMBIENT  PRESSURE:  13.  5  PSI) 


Exposure 

Conditions 

Max  Incident 
Pressure 
psi 

Number  of 
Animals 
Examined 

Right 

R/N+ 

Left 

Both 

Drums 
Ruptured 
Per  Cent 

Open* 

10 

10 

5/10 

11/20 

55 

Open* 

15 

10 

1EJ3"  £3 

5/9 

13/19 

68.4 

Average 

12.  5 

20 

14/20 

10/19 

24/39 

61.5 

Open** 

29 

3 

wm 

m 

n 

66.7 

35 

3 

■ 

B9 

83.3 

Average 

32.0 

6 

5/6 

4/6 

9/12 

75.0 

Open** 

40 

3 

3/3 

1/3 

4/6 

66.7 

Open** 

43 

4 

4/4 

3/4 

7/8 

87.  5 

Average 

41. 5 

7 

7/7 

4/7 

11/14 

78.6 

Open** 

50 

4 

4/4 

3/4 

7/8 

87.  5 

Open** 

54 

1 

1/1 

1/1 

2/2 

100 

5a 

2 

2/2 

1/2 

3/4 

75 

Average 

54.0 

7 

7/7 

5/7 

12/14 

85.7 

Overall 

40 

33/40 

23/39 

56/79 

70.9 

•All  exposed  animals  survived  except  one  at  each  range  injured  by 
crater  ejecta. 

••All  exposed  animals  wtr*  critically  injured  by  overpressures  and/or 
crater  ejecta  except  one  at  the  29-psi  station. 

♦  (Number  eardrums  ruptured)/(Number  assessable). 
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.r.clude  the  maximum  incident  overpressures  read  from  the  curve  con¬ 
structed  from  the  measured  blast  line  data,  ^  the  findings  for  the  right 
and  left  ears  summarized  separately,  and  the  incidence  of  eardrum  rup¬ 
ture.  In  the  grouped  data  the  overpressures  noted  are  the  unweighted 
arithmetic  means  of  the  pressure  figures  shown. 

“Atypical'1  Wave  Forms 

Also  oi.  Operation  Snow  Ball  18  goats  located  in  deep 
and  deep-vvith-offset  foxholes  were  observed  following  recovery  after  the 
explosion.  The  incidence  of  eardrum  failure  is  given  in  Table  5  along 
with  other  pertinent  data  including  the  magnitude  of  the  overpressures 
read  from  the  specified  portions  of  the  pressure -time  curves  recorded 
inside  one  foxhole  of  each  type  at  each  range;  namely,  the  overall  max¬ 
imal  pressure,  the  initial  spike  of  the  rise  noted  in  the  earliest  evalu¬ 
ation  of  the  pressure,  and  the  maximal  pressure  occurring  during  the 
early  phase  of  the  pulse. 

The  data  are  reassembled  in  Table  6  in  the  order  of 
the  prei  sures  read  from  each  of  the  designated  portions  of  the  pressure¬ 
time  tracings. 

c .  Other  Animals  Exposed  to  ''Atypical'1  Wave  Forms 

Eardrum  data  from  136  guinea  pigs,  88  rabbits,  ar.d  8  swine 
exposed  in  the  rectangular  shelters  in  full-scale  tests  in  1 9 5 ^  am!  19S7 
are  shown  in  Table  7.  The  maximal  overpress-  .ee  tabulated  are  the 
averages  from  the  several  gauges  mounted  on  the  walls  of  the  chambers 
in  which  the  animals  were  1c  ;ated 

3 .  Dose- Response  Relationships 
a.  Do  js 


"Atypical”  Wave  Forms 

Using  the  individual  maximal  pressures  given  in  Table  2 
for  each  single  animal  or  group  exposed  to  "atypical"  wave  form*  recor  Jed 
during  field  operations  at  the  Nevada  Test  Site  and  the  assoc  afed  incidence 
of  eardrum  failure,  the  dose- response  relationship  applicable  ’o  136  dogs 
waa  explored  employing  the  probit  technique.  J7  The  initial  results,  graph¬ 
ically  portrayed  in  Figure  15,  revealed  the  P$q-  -the  pressure  associated 
with  rupture  of  50  per  cent  of  the  eardrums- -to  be  29.9  psi  with  the  95- 
per  cent  confidence  limits  ranging  from  about  21  to  53  psi.  More  inter- 
esting  than,  but  related  to,  the  wide  spread  in  the  data,  however,  was  the 
fact  that  the  Chi  square  routine  included  in  the  computer  program  for 
testing  the  distribution  expected  of  data  sampled  adequately  to  account  for 
the  significant  variable  or  variables  influencing  an  experiment  "judged" 
the  material  to  be  inconsistent;  vi*.  ,  the  sample  was  influenced  by  one  or 
more  spurou*  variables.  In  a  way  this  was  not  surprising  ir.  view  of  the 
variations  in  the  wave  forma  to  which  the  animals  were  exposed,  the  dif¬ 
ferent  conditions  of  exposure,  and  tha  diverse  oroximities  of  animal  to 
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*Of  the  18  animals  all,  except  2  injured  by  crater  ejecta,  survived. 
♦♦(Number  eardrums  ruptured) /(Numbe r  assessable!. 


TABLE  6 


GOAT  EARDRUM  DATA  FROM  FOXHOLES  ARRANGED 
IN  THE  ORDER  OF  PRESSURES  READ  FOR  THE  EARLY  INITIAL, 
EARLY  MAXIMUM, AND  OVERALL  MAXIMUM  PRESSURE  RISE 
(AMBIENT  PRESSURE:  13.7  PSI) 


Exposure 
Conditions  * 

Overpressure , 
Early  Rise 
Initial  Max 

psi 

Later 

Max 

R/N** 

Drums 
Ruptured 
Per  Cent 

S40  deep 

14.  1 

4/6 

66.7 

580  deep 

14.2 

3/6 

50.0 

510  deep 

15.2 

4/4 

100.0 

510  offset 

18.3 

4/6 

66.7 

580  offset 

18.3 

3/6 

50.0 

540  offset 

21.3 

5/6 

83.0 

510  offset 

18.  3 

4/6 

66.7 

580  offset 

18.3 

3/6 

50.0 

540  offset 

21.3 

5/6 

83.3 

580  deep 

21.4 

3/6 

50.0 

540  deep 

27.2 

4/6 

66.7 

510  deep 

33.  3 

4/4 

100.0 

540  offset 

36.7 

5/6 

83.  3 

580  offset 

40.  1 

3/6 

50.  0 

580  deep 

50.  1 

3/6 

50.0 

540  deep 

56.4 

4/6 

66  7 

510  deep 

58.  5 

4/4 

100.0 

510  offset 

67.3 

4/6 

66.7 

♦Numbers  give  range  from  ground  zero  in  feet;  deep  and  offset  indicate 
type  of  foxhole  (see  Figures  11  and  12). 

♦♦(Number  eardrums  ruptured)/(Number  assessable). 
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TABLE  7 


TOLERANCE  OF  GUINEA  PIG  AND  RABBIT  EARDRUMS 
WHEN  EXPOSED  INSIDE  SHELTERS  TO  "SLOW-RISING, 
"LONG"- DURATION  OVERPRESSURES 
(AMBIENT  PRESSURE:  12.  5  PSI) 


Guinea  Pigs 

Rabbits 

Operation 

^max 

psi 

Number 

of 

Animals 

R/Nt 

Drums 
Ruptured 
Per  Cent 

Number 

of 

Animals 

R/NJ 

Drums 
Ruptured 
Per  Cent 

PB* 

4.  1 

12 

0/24 

0 

10 

2/19 

10.  5 

TP** 

6.7 

24 

13/28 

46 

23 

11/24 

45.  8 

PB 

9.5 

25 

38/44 

86.4 

-- 

-- 

-- 

TP 

22.0 

22 

29/32 

91 

23 

18/25 

72.  0 

PB 

25.5 

35 

52/52 

100 

20 

39/40 

97.5 

PB+ 

30.3 

12 

24/24 

100 

6 

6/10 

60.0 

TP 

53.0++ 

2 

2/2 

100 

2 

1/2 

50.0 

TP 

66.6 

4 

5/5 

100 

4 

4/5 

80.0 

TOTALS! 

136 

163/211 

88 

81/125 

*PB  -  Plumbob  (1957)  operation,  WT-1467;  3  swine  exposed- -none  of 
6  eardrums  ruptured. 

**TP  -  Teapot  (1955)  operation,  WT-1179. 

+  Five  swine  exposed;  7  of  8  usable  eardrums  ruptured  (87.  5  per  cent). 
+*Estimated  value. 

tAll  animals  survived  bla.  *■  exposure  except:  2  guinea  pigs  (25.5  psi); 
one  guinea  pig  (22  psi);  and  one  swine  (P7--  see  Figure  6). 

^(Number  eardrums  ruptured)/(Number  assessable). 


28 


Response  of  Canine  Eardrum  Exposed  In  Field  Operations  to  a  Variety  of  Atypical  Blast  Waves 
{Ambient  Pressure:  12.5  psi)  (Individual  or  smallest  group  data  shown  In  Table  2  used.) 


Maximum  Overpressure  (P  ),  psi 
hi 

rtgure  16  Response  of  Canine  Eardrum  Exposed  in  Field  Operations  to  a  Variety 
of  "Atypical"  Blast  Waves. 


To  learn  whether  any  variables  that  might  be  disturbing 
the  dose- response  relationship  could  be  "submerged"  by  grouping  and 
thus  give  results  that  could  be  helpful  for  large,  random  exposures  (if 
not  for  individual  exposures)  inside  structures,  probit  analyses  were  per¬ 
formed.  In  these  analyses  the  "average"  figures  in  Table  2  were  used, 
first  for  the  unweighted  arithmetic  mean  overpressures,  and  second, 
for  the  weighted  geometric  mean  overpressures.  The  results  for  the 
latter  are  plotted  in  Figu-  ?  16. 

The  grouped  data  were  statistically  "acceptable"  when 
tested  for  internal  consistency.  Also,  the  envelope  defined  by  the  95-per 
cent  confidence  limit  lines  was  much  narrower.  This  included  less  vari¬ 
ation  for  the  P50  estimate.  For  example,  for  the  three  instances  ex¬ 
plored,  the  results  were  as  follows: 


Pressure 

Values 

Used 


P50 

Pressures 

Psi 


95-Per  Cent 
Confidence 
Limit 


Range  in 
Confidence 
Limit 


Individual  or 
smallest 
groups 

Unweighted 

arithmetic 

means 

Weighted 

geometric 

means 


29.9  21.4  -  52.  6 

31.5  26.7  -  39.0 

29.8  25.  3  -  36.7 


31.2 

12.3 

11.4 


Not  only  did  using  the  weighted  geometric  mean  pressures 
give  a  minimal  spread  for  the  Pjg  value,  but  the  result  for  the  latter  was 
quite  close  to  that  obtained  using  the  pressures  for  the  individual  or  smallest 
groups;  i.e.  ,  29.8  compared  with  29.9  psi.  However  this  may  be,  the 
spread  in  the  results  appeared  to  be  disturbingly  large, and  further  work  was 
undertaken  to  learn,  if  possible,  why  this  should  be  so. 

"Near-Typical"  Wave  Forms 

To  help  appreciate  how  much  spread  might  characterize 
eardrum  data  obtained  when  animals  were  exposed  to  fairly  uniform,  "fast"- 
rising,  "long"-duration  blast  waves,  probit  analyses  were  carried  out  on  the 
data  obtained  employing  a  shock  tube.  This  included  using  as  input  to  the 
analyses  both  the  individual  results  set  forth  in  the  Appendix  and  the  grouped 
figures  noted  in  Table  3.  In  the  latter  case,  computations  were  carried  out 
for  the  unweighted  arithmetic  mean  pressures  and  the  geometric  mean  pres¬ 
sures,  both  weighted  and  unweighted.  The  findings  were  within  0.4  psi  for 
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Crsopsd  Dote  Shewing  tee  *e»pe«»s  Of  Canine  Eardnrn  Exposed  In  Field  Operations  to  •  Variety  of 
Atypical  Blast  Waves  (Ambient  Pressure-.  12.5  psi)  (Weighted  geometric  mean  overpressures  used 


(*)  Oiun  lW*d 
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Figure  IS  Grouped  Data  Showing  die  Response  of  Canine  Eardrums  Exposed  In 
Field  Operations  to  a  Variety  of  "Atypical"  Blast  Waves  (Weighted  Geometric 
Mean  Overpressure). 


the  P50>  an<3  the  results  of  the  analyses  using  the  weighted  geometric  mean 
pressures  for  the  shock  tube  studies  noted  above  and  for  the  field  experi¬ 
ments  given  previously  are  compared  graphically  in  Figure  17.  It  is  clear 
that  the  P50  values  are  significantly  different,  there  being  the  probability 
of  <0.  0001  that  the  observed  variation  might  be  due  to  chance.  Also,  the 
two  probit  curves  converge  at  the  lower  overpressures, and  the  distributions 
below  an  incidence  of  eardrum  rupture  of  about  10  per  cent  appear  not  to  be 
impressively  different  at  the  95-per  cent  confidence  levels.  This,  however, 
is  very  much  a  consequence  of  the  slope  constants  of  the  two  probit  lines. 
Not  so  apparent  from  inspection  of  Figure  17  is  the  fact  that  there  is  no 
reliable  statistical  difference  between  the  slopes  of  the  two  curves.  In  fact, 
the  probability  that  the  difference  is  due  to  chance  is  0.  155.  Since  the 
meaning  of  the  converging  curves  as  well  as  the  difference  in  the  P50  fig¬ 
ures  is  not  entirely  clear  at  the  present  time,  further  discussion  of  the 
matter  will  not  be  pursued  here. 

b.  Goats 


"Typical"  Wave  Forms 


Probit  analyses  of  the  eardrum  data  in  Table  4  for  goats 
exposed  right  side-on  in  the  open  to  "typical"  blast  waves  fro.  ~i  a  500-ton 
TNT  explosion  were  carried  out.  The  results  for  the  smallest  groups  of 
data  (unweighted)  yielded  a  P50  of  7.0  psi  with  confidence  limits  that 
varied  between  aero  and  14.2  psi.  Essentially  similar  results  were  ob¬ 
tained  using  the  grouped  and  weighted  geometric  mean  overpressures; 
viz. ,  the  P50  was  6.  6  (— ,  14.  1)  psi.  It  was  thought  the  broad  spread  in 
the  95-per  cent  confidence  limits  reflected,  among  other  things,  the  lack 
of  experimental  data  for  the  overpressures  below  the  Pso* 

Also,  as  shown  in  Table  4,  the  responses  of  the  up-  and 
downstream  ears  of  the  goats  were  different;  e.g.  ,  33  of  40  (82.  5  per  cent) 
for  the  right  side  facing  the  blast  wave  and  23  of  39  (59.0  per  cent)  for  the 
left  side.  Because  the  eardrums  themselves  might  be  regarded  as  "biolog¬ 
ical  pressure  transducers"  which  were  responding  appropriately  to  different 
pressure  loadings,  various  attempts  were  made  to  estimate  the  effective 
overpressures  acting  on  each  ear.  Any  reasonably  successful  effort  should 
of  course  yield  estimated  effective  pressures  indicating  that  the  responses 
of  the  two  ears  to  overpressure  were  consistent  with  one  another. 

It  was  possible  to  achieve  this  objective  by  assuming: 

(a)  the  effective  loading  on  the  upstream  ear  was  equal  to  the  incident  plus 
the  dynamic  overpressure  (P^  +  Q  =  pressure  loading  on  the  right  ear);  and 

(b)  thr  effective  loading  on  the  downstream  ear  was  equal  to  Pj  e-0.26  Pi/Po, 
a  qua.  tity  derived  from  information  in  a  study  by  Iwanski  et  al.  18  The  data 
used  were  those  applicable  to  pressures  on  the  downstream  side  of  cylin¬ 
ders  exposed  in  a  shock  tube  to  overpressures  of  different  magnitude. 

Using  the  effective  pressures  estimated,  probit  analyses 
gave  a  P50  figure  of  9.4  psi  for  the  right  ear  and  8.4  psi  for  the  left  ear. 
Since  the  slope  constants  were  not  significantly  different,  a  common  slope 
was  used  in  a  subsequent  analysis.  The  P50  pressures  proved  to  be  8.  1 
(0. 18  -  1 6.  0)  psi  and  10  (0.25  -  17.4)  psi  for  the  right  and  left  ear,  respec¬ 
tively. 
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When  the  data  for  both  ears  were  assembled  and  analyzed 
together,  the  probit  relationship  between  the  incidence  of  eardrum  rup¬ 
ture  and  the  computed  loading  for  the  left  and  right  ears  separately  was 
found  to  be  as  portrayed  in  Figure  18.  The  P50  turned  out  to  be  9.  6  psi 
with  a  range  from  3.  2  to  14,0  psi  for  the  95-per  cent  confidence  limits. 

"Atypical"  Wave  Forms 

Overall  the  percentage  failure  of  eardrums  of  18  goats 
exposed  to  the  "atypical"  wave  forms  in  foxholes  was  67.6  per  cent,  as 
noted  in  Table  5.  That  this  was  near  the  overall  incidence  of  eardrum 
failure  of  72.2  per  cent  in  9  goats  exposed  in  the  open  at  the  same  ranges 
seemed  somewhat  surprising  in  view  of  the  fact  that  the  maximum  pres¬ 
sures  measured  in  the  foxholes,  because  of  reflections,  were  higher  than 
the  corresponding  maximum  incident  overpressures  occurring  free- field. 

Such  results  m’«»ht  mean- -on  the  one  hand- -that  *he  fox¬ 
holes  altered  the  early  portion  of  the  pressure  pulse  in  some  way  to  give 
protection  against  higher  overpressures  that  developed  subsequently,  or.- 
on  the  other  hand- -that  the  eardrums  of  foxhole- exposed  animals  were 
ruptured  by  some  component  of  the  pulse  occurring  earlier  than  the  max¬ 
imum*  pressure  which,  due  to  reflection,  was  always  somewhat  delayed. 

In  the  former  instance  one  would  expect  the  eardrums  to  be  responding  to 
the  maximum  reflected  pressure  whenever  it  occurred,  either  early  or 
delayed.  In  the  latter  case  the  eardrum,  ruptured  by  an  earlier  occurring 
but  lower  overpressure,  would  hardly  "care"  about  the  after-coming 
portion  of  the  pulse,  however  high  the  pressures  might  be. 

An  attempt  was  made  to  shed  light  on  the  problem  by  further 
analysis.  First,  though  the  data  were  meager,  probit  computations  were 
carried  out  employing  the  data  in  Tables  5  and  6  using  three  components 
of  the  pressure  pulse;  namely,  (1)  the  overall  (or  delayed)  maximum  pres¬ 
sure,  (2)  the  "early"  maximum  pressure,  and  (3)  the  initial  rise  of  the 
overpressure.  The  results  for  each  series  respectively  are  given  from 
left  to  right  in  Figure  19  for  data  grouped  as  shown  in  Table  6.  Though 
the  confidence  limits  are  very  broad,  it  can  be  seen  that  the  P50  of  8.2  psi 
using  the  initial  rise  of  the  pressure  pulse  is  the  closest  to  that  of  9.6  psi 
obtained  for  goats  in  the  open  (Figure  18).  Also,  the  associated  slope  con¬ 
stant  of  0.6458  is  nearest  that  of  0.8563  referable  to  the  free-field  exposures. 

Second,  another  comparison  also  suggesting  that  the  eardrums 
of  the  goats  exposed  in  the  foxholes  were  responding  to  the  earlier,  rather 
than  the  later,  components  of  the  pressure  rise  was  carried  out.  This  con¬ 
sisted  of  superimposing  on  a  log-normal  plot:  (a)  the  individual  data  points 
given  in  Table  6  for  "foxhole"  goats,  (b)  the  averages  obtained  from  pairing 


♦Note  from  Figures  II,  12,and  13  that  the  maximum  pressures  recorded 
in  the  foxholes  were  always  delayed  compared  with  those  for  the  "fast"- rising, 
"typical"  pulses  occurring  free-field. 
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the  groups  in  ascending  order  of  pressure,  and  (c)  the  probit  line  and 
per  cent  confidence  limits  referable  to  goats  exposed  in  the  open.  The 
results  are  portrayed  in  Figure  20.  It  is  clear  that  the  best  fit  is  shown 
in  the  left  portion  of  the  figure  referable  t  >  the  initial  pressure  rise.  To 
the  contrary,  the  worst  fit,  if  it  could  be  called  a  fit  at  all,  is  shown  in 
the  right  portion  of  Figure  20  depicting  data  points  for  the  overall  (or 
delayed)  maximum  rise  in  pressure.  For  the  early  pressure  rise,  four 
of  six  of  the  individual  data  points  fall  within  the  95-per  cent  confidence 
limits;  for  the  early  maximum  rise,  the  numbers  were  two  of  six,  and 
for  the  maximum  overall  pressure,  only  one  of  six. 

c.  Guinea  Pigs  and  Rabbits 

Probit  analysis  of  the  data  in  Table  7  referable  to  guinea 
pigs  and  rabbits  exposed  to  "atypical"  wave  forms  occurring  inside  struc¬ 
tures  during  field  operations  in  1955  and  1957  revealed  results  portrayed 
in  Figures  21  and  22.  The  pressures  used  were  the  arithmetic  averages 
of  the  maximum  overpressures  recorded  by  the  wall  gauges  for  the  rooms 
in  which  the  animals  were  housed.  The  P50  for  rupture  of  guinea  pig  ear¬ 
drums  was  near  7.2  psi  with  95-per  cert  confidence  limits  ranging  from 
about  4.8  to  20  psi.  For  rabbits  the  P^q  was  approximately  9.4  psi  with 
95-per  cent  confidence  limits  from,  about  1.2  to  18  psi.  Scatter  in  the 
results  was  so  great  in  both  cases  that,  as  with  the  ungrouped  dog  data 
(see  Figure  15),  the  Chi  square  test  indicated  the  distributions  were  incon¬ 
sistent  and  influenced  by  "unaccounted  for"  vrriables.  Since  the  proximity 
of  animal  to  gauge  was  even  much  more  diverse  than  it  was  for  dogs,  no 
further  analytical  work  was  attempted  to  clarify  the  small-animal  results. 

DISCUSSION 

There  are  several  matters  of  considerable  interest  raised  by  the 
eardrum- response  aata  reported  above.  Among  them  are  five  questions, 
the  proper  answers  to  which  are  not  only  interrelated  but  bear  much  upon 
the  general  understanding  of  the  effects  of  overpressure  on  the  eardrum' 
of  mammals.  First  is  how  to  account  for  the  almost  characteristic  van 
ability  in  the  overpressure  required  to  rupture  the  eardrums  among  a 
group  of  animals.  For  example,  for  the  shock  tube-exposed  dogs  reported 
here,  the  figures  ranged  from  8.6  psi,  the  lower  pressure  for  rupture,  to 
34.4  psi,  the  highest  pressure  without  rupture;  among  the  dogs  exposed 
inside  shelters,  the  minimal  pressure  for  rupture  was  4.  1  pai  and  the 
maximal  overpressure  failing  to  rupture  was  73.2  psi.*  Even  for  static 
pressures  applied  to  the  drum  of  "fresh"  human  cadavers  by  connecting 
a  tube  into  the  external  auditory  meatus,  Zaiewski^  found  the  minimal 
and  maximal  pressures  required  foi  rupture  to  be  5.4  and  43.2  psi, 
respectively.  For  10  dogs,  the  corresponding  figures  were  9.  1  *nd 
22.8  psi.  *9 

Second  is  how  to  account  for  the  apparent  tolerance  of  the  eardrum 
to  the  higher  pressure!.  It  certainly  seems  unlikely  that  a  paper-thin 
structure,  euch  as  the  tympanic  membrane,  is,  in  some  instances,  actually 
strong  enough  to  resist  a  pressure  as  high  or  higher  than  that  present  in 
most  automobile  tires. 
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Figure  22  Response  of  Rabbit  Eardrums  Exposed  In  Field  Operations  to  a  Variety 
of  "Atypical”  Blast  Wasres. 


Third,  there  is  the  question  about  the  sensitivity  of  the  eardrum  to 
the  shape  of  the  pressure  wave;  viz.  ,  all  other  factors  being  the  same, 
is  the  eardrum  really  less  tolerant  to  "fast"-rising  than  to  "slow"-rising 
overpressures  and,  if  so,  how  much  is  the  difference  and  what  time 
periods  separate  ''slow'1-  from  "fast”- rising  pressure  pulses  as  far  as 
the  tympanic  membrane  is  concerned? 

Fourth  is  the  matter  of  pulse  duration,  for  if  there  is  a  real  effect 
attributable  to  the  duration  of  a  "typical"  blast  wave,  it  is  important  to 
know  what  the  shape  of  the  curve  is  describing  the  pressure-duration 
relationship  for  the  mammalian  eardrum. 

Fifth,  there  is  the  question  of  whether  or  not  the  eardrum  always 
fails  because  it  is  impelled  inward  by  a  pulse  of  overpressure  or 
whether- -weakened  by  this  experience--it  sometimes  ruptures  as  it 
moves  outward  during  the  negative  phase  of  the  blast  wave. 

Regarding  the  characteristic  variability  of  the  eardrum's  response 
to  overpressure,  Zalewski^  has  noted  that  age  in  the  case  of  humans 
is  an  important  factor.  His  results,  portrayed  graphically  in  Figure  23, 
apply  to  normal  drums.  However,  scarring,  calcification,  infection, 
thickening  (fibrosis),  and  unusual  thinning  of  the  tympanum,  as  well  as 
any  material  present  in  the  external  auditory  meatus,  were  all  cited  as 
recognized  variables. 

It  is  of  considerable  interest  that  the  same  author  measured  tol¬ 
erance  after  the  incus  and  stapes  were  removed  and  found  the  ossicles 
gave  some  support  to  the  eardrum.  Too,  regarding  position  of  the  rup¬ 
ture,  it  was  stated  it  may  occur  "any  place,  "  though  mor»  often  be¬ 
tween  the  anulus  tympanicus  and  the  umbo  and  more  frequently  in  the 
anterior  (73  cases)  than  in  the  posterior  (44  cases)  half  of  the 
eardrum.  There  was  an  associated  quantitative  finding  relevant  to  the 
average  pressures  for  perforations  which  were  higher  for  the  anterior 
half  (25.3  psi)  than  for  the  posterior  half  (20.7). 

These  iast  two  findings  for  the  very  "slow"- rising,  more  static  type 
of  pressure  loading  suggest  one  of  three  possibilities  for  explaining  how 
the  eardrum  apparently  tolerates  such  high  pressures  without  rupture. 

If  the  eardrum  were  elastic  enough  to  move  inward  until  it  was  supported 
by  various  portion;*  of  the  ossicles  and  the  postero-  and  antero-lateral 
wall  of  the  middle  ear,  this  "bottoming"  might  occur  first  posteriorly 
at  a  lower  pressure  and  subsequently  anteriorly  at  a  higher  pressure  by 
virtue  of  an  appropriate  oblique  position  of  the  eardrum;  viz.  ,  the  anterior 
portion  simply  would  have  farther  to  move  than  the  posterior  half  of  the 
drum.  If  the  opposite  were  the  case  because  of  different  relative  proxim¬ 
ities  of  the  eardrum  to  the  middle-ear  wall,  the  anterior  portion  of  the 
drums  might  "bottom"  first.  Then  one  would  have  another  rationale  for 
explaining  why  rupture  occurs  within  the  posterior  rather  than  the  anterior 
half  of  the  drum.  Thus,  those  eardrums  that  stretch  enough  to  "bottom" 
fairly  completely  without  rupture  would  subsequently  have  to  be  forced 
into  the  aditvis  or  the  bony  portion  of  the  Eustachian  canui  to  account  for 
failure.  These  can  be  considered  as  being  in  a  "high"  tolerance  group. 
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Figure  28  Tolerance  of  Human  *! 
Applied  Very  Slowly  (Statically). 


A  "low"  tolerance  group  could  include  those  eardrums  that  were  either 
very  inelastic  or  those  that  had  to  move  relatively  far  to  "bottom.  " 

Also,  sharp  irregularities  of  the  bony  contents  and  walls  of  the  middle 
ear,  if  present,  might  easily  puncture  the  inward-moving  drum.  So  it 
is  that  drum  elasticity  as  well  as  the  detailed  individual  size  and  anat¬ 
omy- -particularly  the  relative  distance  between  various  portions  of  the 
eardrum,  the  ossicles  and  the  lateral  wall  of  the  middle  ear- -emerge 
as  critical  variables  not  only  within  a  given  species,  but  no  doubt  among 
different  species  as  well. 

A  second  eventuality  relevant  to  the  apparent  tolerance  of  the  ear  to 
high  overpressure  concerns  leakage  through  an  area  of  the  drum  thinned 
by  progressive  stretching  as  described  by  Wever,  Bray, and  Lawrence.  20 
These  authors  noted  in  a  study  of  the  effects  on  auditory  acuity  of  aug¬ 
menting  the  pressure  within  the  middle  ear  that, when  the  eardrum  "rup¬ 
tures  under  gradually  increasing  pressures,  no  obvious  perforation 
occurs."  Rather  the  radial  and  circular  fibers  part  at  slightly  different 
locations,  the  fiber  layers  separate  and  air  "leaks  slowly"  through  the 
drum. 

A  third  possibility  for  helping  explain  high-pressure  tolerance  in¬ 
volves  the  more  dynamic  application  of  pressure  than  was  the  case  for 
Zalewski's  studies  in  which  pressure  was  applied  slowly  only  to  the  ex¬ 
ternal  side  of  the  drum.  In  response  to  a  blast  wave,  the  eardrum  can 
be  visualized  as  moving  inward  fairly  suddenly.  A  consequence  of  the 
associated  decrease  in  volume  of  the  middle  ear  would  be  a  progressive 
rise  in  pressure  behind  the  drum,  which  fact  would  tend  to  "stiffen"  the 
eardrum  by  providing  support  from  within.  The  magnitude  and  time  of 
this  pressure  rise  would  be  governed  by  several  factors.  Among  them 
are  the  rate  and  magnitude  of  the  blast-produced  pressure  rise  loading 
the  eardrum,  the  volume  of  the  middle  ear  plus  that  of  the  mastoid  air 
cells  and  the  upper  bony  portion  of  the  Eustachian  canal,  the  resistance 
of  air  flow  from  the  middle  ear  through  the  aditus  into  the  closed  mastoid 
spaces  and  along  the  Eustachian  canal  toward  the  nasopharynx,  and  the 
effect- -likely  to  be  significant  only  for  very  low  and  "slow"- rising  over¬ 
pressures- -of  contraction  of  the  tympanic  muscles  known  to  respond 
strongly  to  a  rise  in  middle  ear  pressure.  20  Air  flow  from  the  ear  into 
the  nasopharynx  certainly  would  take  an  appreciable  time  and  might  very 
well  not  be  much  under  way  before  the  pressure  pulse  had  passed  through 
the  mouth  and/or  nose  and  reached  the  Eustachian  orifice  in  the  throat. 

In  any  event  it  is  likely  that,  except  for  relatively  high  overpressures 
and  relatively  inelastic  drums  which  would  fail  quickly  in  shear,  many 
tympanic  membrane?,  bolstered  by  the  pressure  rise  in  the  middle  ear, 
experience  delay  in  moving  inward  and,  having  gained  time  to  stretch, 
proceed  to  "bottom"  and  gain  more  substantial  support  as  was  visualized 
as  possible  for  the  drums  loaded  more  slowly  or  statically.  Though  such 
events  seem  quite  likely,  no  pertinent  data  are  at  hand.  For  example, 
there  have  been  no  known  attempts  under  dynamic  conditions  to  obtain 
pressure -time  records  simultaneously  from  the  middle  ear  and  the  ex¬ 
ternal  auditory  meatus;  nor  have  there  been  attempts  to  visualize  (photo¬ 
graph)  the  concurrent  response  of  the  drum  under  such  instrumented  con¬ 
ditions. 
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While  the  present  study  suggests  that  the  eardrums  of  dogs  are  more 
tolerant  to  "atypical"  than  to  "typical"  blast  waves,  the  findings  reported 
on  goats  exposed  in  the  open  and  in  foxholes  imply  one  should  assess  the 
influence  of  the  shape  of  the  pressure  pulse  carefully  before  making  a 
judgment  about  the. importance  of  the  rate  of  pressure  rise;  i.e. ,  "fast" 
components  in  the  early  portion  of  the  rising  pulse,  if  high  enough,  may 
be  the  important  parameter,  vitiating  any  relative  significance  of  a  max¬ 
imal  pressure  developing  subsequently  no  matter  what  the  magnitude  of 
the  latter  may  be.  Though  one  might  conclude  on  the  basis  of  the  data 
reported  here  that  it  is  highly  probable  the  eardrum  will  respond  differ¬ 
ently  to  "fast"-  than  to  "slow"- rising  pressure  pulses,  the  information 
at  hand  does  not  allow  a  firm  opinion  about  which  physical  parameters  of 
an  "atypical"  wave  form  are  critical  for  eardrum  rupture.  Further,  the 
authors  are  not  aware  of  any  published  data  establishing  dose-response 
relationships  for  the  tympanic  membrane  to  pressures  rising  to  a  maxi¬ 
mum  at  various  rates,  to  pressures  increasing  in  a  stepwise  maimer,  and 
to  pressures  incorporating  both  "fast"  and  "slow"  components  in  the  wave 
form.  Thus, one  must  look  to  the  future  for  the  needed  definitive  studies. 
No  doubt  these  will  come  about  only  when  experiments  are  designed  to 
reveal  which  descriptors  of  the  pressure-time  curve  are  not  only  appro¬ 
priate  physical  parameters  for  describing  the  pressure  load  on  the  ear¬ 
drum,  but  are  also  discriminating  enough  to  be  of  aid  in  differentiating 
and  explaining  various  kinds  and  levels  of  biologic  response,  be  the  latter 
eardrum  or  ossicle  failure,  acute  temporary  disturbance  in  hearing,  or 
damage  of  a  more  chronic  and  permanent  kind. 

Though  there  are  theoretical  reasons  for  expecting  the  eardrum  to 
tolerate  higher  overpressures  if  the  duration  of  the  pul3e  is  "short" 
rather  than  "long"  as  pointed  out  by  von  Gierke,  21  the  observations 
applicable  either  to  "large"  or  "small"  animals  offered  above  apply  only 
to  "long "-duration  waves.  While  the  analysis  of  the  somewhat  stepwise 
increase  in  pressures  associated  with  the  goats  exposed  inside  foxholes 
suggests  that  the  time  period  that  is  critical  for  the  rising  phase  of  the 
pressure  pulse  may  be  measured  in  a  fraction  to  several  milliseconds 
rather  than  a  few  tens  of  milliseconds,  the  results  are  not  directly  ger¬ 
mane  to  the  discussion  of  the  duration  parameter  mentioned  above.  Some¬ 
what  helpful  are  a  few  data  on  sheep  exposed  to  "fast"-rising  overpres¬ 
sures  of  "long"  and  "short"  duration  generated  by  a  shock  tube  and  high 
explosives,  respectively.  13  At  21.4  psi  38-per  cent  eardrum  rupture  was 
noted;  the  pulse  duration  was  about  120  msec.  There  were  r.o  ruptures 
noted  at  32.4  psi,  the  duration  of  the  overpressure  being  5.7  msec. 

Applicable  also  is  the  report  of  Blake  et  al.^2  that  among  humar.s 
exposed  to  bombing  in  Britain  an  estimated  pressure  of  about  50  psi  was 
associated  with  50-per  cent  eardrum  rupture.  For  ordnance  used  in 
World  War  II,  the  pulse  durations  probably  ranged  from  a  few  to  several 
milliseconds  and  hardly  ever  up  to  many  tens  of  milliseconds.  Likely  to 
be  more  useful,  however,  are  the  human  studies  under  way  by  Coles  et 
el.  24  Gre*t  Britain  and  the  work  of  the  U.  S.  Army  scientists2^  at 
the  Aberdeen  Proving  Ground.  Both  groups  are  paying  increasing  at¬ 
tention  to  pressure  variations  emanating  from  the  mur  .les  of  small  arms, 
mortars,  and  other  items  of  modern  artillery.  Their  interest  includes 
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the  effects  of  single  and  multiple  exposures  on  the  eardrum  and  upon  the 
hearing  mechanisms  as  well. 

Of  the  five  questions  raised  in  the  early  part  of  the  discussion,  there 
remains  the  one  concerning  possible  rupture  from  outward  movement  of 
the  eardrum  during  the  negative  phase  of  the  blast  wave.  No  doubt  this 
possibility  is  a  real  one,  particulaiiy  if  the  drum  is  weakened  by  trauma 
experienced  during  the  positive  portions  of  the  pressure  pulse.  This  pos¬ 
sibility  has  been  noted  eisewhere^and  various  pressure  figures  have  been 
published;  e.  g. ,  Wever  et  al.  20  noted  outward  rupture  of  the  tympanic 
membrane  of  cats  at  a  pressure  as  low  as  50  mm  Hg  (0.  96  psi),  saying 
the  average  lay  around  80  mm  Hg  (1.  55  psi).  Armstrong^  cited  100- 
200  mm  Hg  (1.9  to  3.8  psi)  as  the  range  for  humans  whereas  Frenzel27 
placed  the  figure  at  160  mm  Hg  (3. 1  psi).  Such  figures  are  generally 
lower  than  the  overpressures  associated  with  inward  rupture  of  the  drum 
note  1  above  and  by  other  authors.  2,  28  Why  this  is  true  poses  yet  another 
question,  the  proper  answer  to  which  might  very  well  be  the  absence  of 
any  external  support  for  the  eardrum  comparable  to  that  given  by  the  os¬ 
sicles,  the  bony  walls  of  the  ear  cavity, and  the  rise  in  middle-ear  pres¬ 
sure  postulated  as  effective  under  dynamic  response  of  the  drum  to  blast 
overpressure.  If  this  in  not  the  explanation  for  the  facts  cited,  the  authors 
are  at  a  loss  to  propose  another  plausible  one. 

By  way  of  further  discussion,  it  seems  necessary  to  note  that  the  pres¬ 
sure  responses  of  the  eardrum  incorporate  more  complexities  and  vari¬ 
ables  than  have  already  been  mentioned.  These  include  orientation  with 
respect  to  the  blast  wave;  the  shape,  length  and  other  dimensions  of  the 
external  auditory  meatus;  the  angular  orientation  of  the  eardrum  in  the  ex¬ 
ternal  meatus;  the  increase  in  pressure  known  to  take  place  as  the  wave 
proceeds  inward  toward  the  drum;29  possible  influences  of  the  pinna  of 
various  animals  acting  as  a  "valve"  to  protect  the  ear;  the  presence  of 
"solid"  and  "soft"  obstructions  such  as  wax  in  the  external  caral  which 
may  protect  or  act  as  a  projectile  damaging  the  drum  dependii.6'  upon  cir¬ 
cumstances;  and  the  very  real  matter  of  the  accumulative  effect  of  multi¬ 
ple  exposures.  Beyond  the  mere  failure  of  the  drum  or  lack  of  it,  there 
is  the  matter  of  damage  to  the  ossic’.  j,  production  of  temporary  and  per¬ 
manent  hearing  loss,  and  perhaps  even  difficulty  due  to  malfunction  of  the 
vestibular  portions  of  the  inner  ear;  viz.  ,  ataxia  is  often  a  symptom  of 
acute  blast  injury  which  may  be  periphe-c.1  or  central  in  origin,  possibly 
a  combination  of  both. 

Though  it  may  be  difficult  to  apply  animal  data  to  the  human  case,  it 
is  nevertheless  unfortunate  that  more  studies  with  small  and  large  mam¬ 
mals  have  not  been  carried  out.  With  the  improvements  in  instrumentation 
and  technology  now  available  and  a  more  enlightened  conceptual  grasp  of 
the  significant  parameters  at  play,  the  authors  feel  that  a  great  deal  of 
progress  lies  ahead  for  those  willing  to  do  the  tedious  intrasperies  work 
to  learn  how  the  external  and  middle  ears  of  different  animal**  function  in 
transmitting  energy  to  the  sensitive  portions  of  the  inner  ear.  It  is  al¬ 
ready  clear  that  progress  will  require  detailed  anatomical  observations 
to  learn,  for  example,  why  it  is  that  the  eardrum  of  the  rabbit  has  been 
reported  by  Blake  et  al.2o  to  have  a  50-per  cent  rupture  pressure  of  near 
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2.2  psi.  This  figure,  obtained  during  exposures  of  animals  to  "typical,  " 
"shorf'-duraticn  overpressures  emanating  from  small  charges  of  high 
explosive,  is  well  below  the  9.4  figure  found  in  rabbits  exposed  inside 
structures  at  the  Nevada  Test  Site  to  a  variety  of  "long"-duration,  "atypi¬ 
cal"  blast  waves.  Even  though  the  2.  2-psi  value  is  within  the  95-per 
cent  confidence  limits  for  the  field  data,*  the  difference  may  be  real, 
and  the  rabbit  eardrum  might  well  have  a  very  low  tolerance  to  blast 
overpressure  compared  with  some  other  mammals.  If  this  were  true, 
it  would  reinforce  the  belief  that  the  rabbit,  unlike  the  dog  and  goat,  in¬ 
deed  has  an  eardrum  very  susceptible  to  injury  by  overpressure.  A 
likely  explanation  could  lie  in  differences  in  eardrum  elasticity  and  in  a 
critical  variation  in  the  size  and  shape  of  the  middle  ear  and  its  contents 
as  suggested  in  previous  portions  of  the  disc  .ssion.  Should  this  indeed 
prove  to  be  the  case,  it  would  help  establish  ground  rules  to  guide  the  de¬ 
tailed  search  for  a  mammalian  ear  likely  tc  bear  important  similarities 
to  that  of  man. 

Finally,  it  is  important  clinically  to  learn  much  more  about  the  re¬ 
lation  between  blast  damage  to  the  ear  and  to  the  animal  as  a  whole. 

While  it  is  true--and  many  are  aware  of  it--that  the  ear  has  a  low  thresh¬ 
old  for  damage  from  overpressure,  it  does  not  follow  that  persons  ex¬ 
posed  to  blast  who  have  intact  eardrums  should  be  considered  free  of  in¬ 
ternal  injury  due  either  directly  to  overpressure  or  indirectly  to  impact 
involving  debris  or  whole-body  translation.  Indeed,  the  tympanic  mem¬ 
brane  has  such  a  wide  range  of  tolerance  that  pressures  high  enough  to 
injure  the  lung  severely  and  pose  a  serious  threat  to  life  may,  on  occasion, 
not  even  rupture  either  eardrum.  This  fact  is  not  well  known.  The  otoscope 
is  no  substitute  for  the  stethoscope.  The  condition  of  the  eardrum  in  blast 
casualties  is  not  much  of  a  guide  for  the  clii  ;cian,and  this  truth  needs  con¬ 
siderable  emphasis. 

SUMMARY 

1.  Dose- response  relationships  were  determined  for  the  tympanic 
membranes  of  dogs,  rabbits,  and  guinea  pigs  exposed  inside 
various  structures  to  a  variety  of  "long"-duration,  "atypical"  blast 
waves.  Typical  figures  for  the  P5Q,  the  pressure  associated 
with  5?-per  cent  failure  of  the  eardrums  were:  2V.8  psi  (25.3  - 
36.  7)  for  dogs;  9.  2  pri  (1.4  -  1 8.  0)  for  rabbits;  7.2  psi  (4.  8  - 

9.  5)  for  guinea  pigs. 

2.  In  the  case  of  dogs  exposed  to  "long"-duration  but  "near-typical,  " 
shock  tube-produced  overpressures,  the  Pjq  for  eardrum  failure 
proved  to  be  11.3  psi  (91-13.0). 


♦See  Figure  22  for  the  probit  curve. 
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3.  The  P50  *or  the  eardrums  of  goats,  exposed  side-on  in  the  open 

to  "long"-duration,  "typical"  pulses  from  a  500-tor.  HE  detonation, 
was  9.6  psi  (3.2  -  14.0)  when  the  loading  for  each  eardrum  was 
estimated  separately. 

4.  Goats  exposed  inside  foxholes  of  two  designs  experienced  essen¬ 
tially  the  same  incidence  of  eardrum  rupture  as  did  animals  ex¬ 
posed  in  the  open  at  the  same  range  even  though  the  maximum 
pressures  measured  inside  the  foxholes  were  considerably  above 
the  free-field  pressures. 

5.  An  attempt  was  made  to  understand  the  above  finding  by  relating 

the  incidence  of  overpressure  with  various  portions  of  the  pressure- 
time  curve  recorded  inside  the  foxhole.  Three  Pcq  values  were 
obtained:  for  the  overall  maximum  pressure,  5.8  psi;  for  the 
early  maximum  pressure,  16.  7  psi;  and  for  the  initial  pressure 
rise,  6. 2  psi. 

6.  These  data  along  with  a  comparison  of  the  grouped  data  points 
with  the  probit  distribution  limits  estimated  for  goats  exposed  in 
the  open  indicated  the  eardrums  in  foxhole -exposed  animals  were 
probably  responding  to  the  early,  "sharp"- rising  components  of 
the  pressure  pulse.  However,  the  association  of  eardrum  re¬ 
sponse  with  the  proper  parameter  of  the  pressure  pulse  for 
"atypical"  wave  forms  cannot  be  handled  in  a  straightforward 
manner  at  the  present  time. 

7.  All  data  along  with  selected  information  from  the  literature  were 
discussed  in  some  detail.  The  characteristic  variability  of  the 
mammalian  eardrum's  response  to  overpressure  was  pointed  out 
as  was  the  "high"  and  "low"  tolerance  noted  in  different  species. 

A  conceptual  explanation  to  account  for  these  variations  was  pro¬ 
posed. 

I 

8.  While  the  goat  and  dog  results  indicated  the  eardrum  was  probably 
more  sensitive  to  "fast"- rising  thar  tc  "slow"- rising  blast  waves, 
the  data  were  insufficient  to  prove  rigorously  either  this  was  the 
case  or  to  say  what  might  be  expected  for  blast  waves  with  both 
"slow"  and  "fast"  components  having  different  magnitudes  and 
time  constants. 

9.  Theoretical  and  empirical  data  from  the  literature  were  cited 
which  suggest,  all  other  things  being  equal,  that  the  eardrum  is 
more  tolerant  of  "short"-  than  of  'Tong"-duration  blast  waves. 

10.  Because  of  the  wide  tolerance  limits  of  the  tympanic  membrane, 
failure  of  the  eardrum  or  lack  of  it  was  not  considered  a  reliable 
clinical  sign  for  judging  the  severity  of  a  blast  injury.  This 
stems  from  the  fact  that  the  drum  often  remains  intact  when 
exposure  pressures  produce  serious  lung  injury,  but  may  also 
rupture  at  pressures  well  below  generally  hazardous  ones. 
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APPENDIX 


DOG  EARDRUM  TOLERANCE  WHEN  EXPOSED  SIDE-ON 
AGAINST  THE  END-PLATE  OF  A  SHOCK  TUBE  TO 
"FAST"- RISING,  "LONG"- DURATION  OVERPRESSURES 
(AMBIENT  PRESSURE:  12.0  PSI) 


Maximum  Overp 

ressure,  psi 

Number 

Drum 

Incident 

Reflected 

Mid 

of 

K/  In* 

Ruptu.  ed 

Shock 

Shock 

Point 

Range 

Animals 

Right 

Left 

Both 

Per  Cent 

3.6 

8.  5 

1 

0/1 

0/1 

0/2 

3.8 

8.  5 

1 

0/1 

0/1 

0/2 

3.8 

8.6 

1 

0/1 

1/1 

1/2 

Average 

8.5 

8.  5 

8.  5  to 

3 

0/3 

1/3 

1/6 

16.  7 

8.6 

3.6 

8.9 

1 

1/1 

1/1 

2/2 

3.6 

9.0 

1 

0/1 

0/1 

0/2 

3.7 

9.0 

1 

0/1 

0/1 

0/2 

3.6 

9.2 

1 

0/1 

0/1 

0/2 

3.7 

9.3 

1 

0/1 

0/1 

0/2 

3.8 

9.3 

l 

0/1 

0/1 

0/2 

4.2 

9.5 

1 

1/1 

1/1 

2/2 

Average 

9.2 

9.2 

8.  9  tc 

7 

2/7 

2/7 

4/14 

28.  6 

9.  5 

3.8 

9.8 

1 

0/1 

0/1 

0/2 

4.1 

10.8 

1 

0/1 

0/1 

0/2 

5.  2 

11.7 

1 

1/1 

1/1 

2/2 

5.2 

12.7 

1 

1/1 

l/l 

2/2 

5.5 

13.0 

1 

l/l 

1/1 

2/2 

5.5 

13.  1 

1 

1/1 

0/1 

1/2 

Average 

11.8 

11.5 

9.8  to 

6 

4/6 

3/6 

7/12 

58.  3 

13.  1 

5.4 

13.2 

1 

1/1 

»/l 

2/2 

5.7 

13.4 

1 

1/1 

1/1 

2/2 

5.5 

13.  5 

1 

1/1 

1/1 

2/2 

5.5 

13.5 

1 

l/l 

1/1 

2/2 

5.6 

13.7 

1 

l/l 

0/1 

1/2 

5.7 

14. C 

1 

1/1 

1/1 

2/2 

6.0 

14.  1 

1 

1/1 

l/l 

in 

6.6 

16.2 

1 

1/1 

l/l 

in 

NR 

NR 

I 

1/1 

l/l 

2/2 

7.0 

18.4 

1 

0/1 

l/l 

1/2 

7.3 

19.  3 

1 

0/1 

0/1 

0/2 

Average 

14.9 

16.3 

13.2  to 

11 

9/11 

9/U 

18/22 

Cl. 8 

19.  3 

•{Number  eardrums  ruptured)/(Number  assessable). 
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APPENDIX 
(continue  i) 


Maximum  Overpressure,  psi 

Numbe  r 

Drums 

Incident 

Reflected 

Mid 

of 

R/N* 

Ruptured 

Shock 

Shock 

Point 

Range 

Animals 

Right 

Left 

Both 

Per  Cent 

7. 1 

19.4 

1 

1/1 

1/1 

2/2 

7.3 

19.5 

1 

1/1 

l/l 

2/2 

7.8 

19.7 

1 

0/1 

0/1 

0/2 

7.5 

19.8 

1 

1/1 

1/1 

2/2 

7.7 

19.8 

1 

1/1 

0/1 

1/2 

7.  3 

19.9 

1 

0/1 

1/1 

1/2 

7.7 

20.0 

l 

1/1 

1/1 

2/2 

7.7 

20.  2 

1 

1/1 

l/l 

2/2 

7.7 

21.0 

1 

1/1 

1/1 

2/2 

9.2 

24.8 

1 

1/1 

1/1 

2/2 

9.2 

24.8 

1 

1/1 

1/1 

2/2 

9.4 

25.0 

» 

1/1 

1/1 

2/2 

9.4 

25.0 

1 

1/1 

1/1 

2/2 

9.4 

25.0 

1 

l/l 

l/l 

2/2 

Average 

21.7 

22.2 

19.4  to 

14 

12/14 

12/14 

24/28 

85.  7 

25.0 

9.4 

25.  1 

1 

1/1 

1/1 

2/2 

9.4 

25.4 

1 

1/1 

1/1 

2/2 

9.4 

25.8 

1 

l/l 

1/1 

2/2 

«.4 

25.9 

1 

l/l 

1/1 

2/2 

9.7 

26.  1 

l 

1/1 

1/1 

2/2 

9.7 

26.4 

1 

1/1 

1/1 

2/2 

10.0 

26.7 

1 

l/l 

l/l 

2/2 

NR 

NR 

1 

1/1 

1  / 

2/2 

10.9 

30.  3 

1 

1/1 

1/1 

2/2 

10.6 

30.6 

1 

1/1 

1/1 

2/2 

10.9 

30.  6 

1 

l/l 

1/1 

2/2 

10.7 

30.9 

1 

1/1 

1/1 

2/2 

10.7 

30.9 

1 

1/1 

l/l 

2/2 

10.9 

30.9 

1 

1/1 

1/1 

2/2 

10.6 

31.0 

1 

l/l 

l/l 

2/2 

10.9 

31.  3 

1 

1/1 

i  / 1 

2/2 

10.9 

31.8 

1 

l/l 

i/i 

2/2 

10.9 

32.2 

l 

l/l 

m 

2/2 

10.9 

32.  5 

l 

1/1 

i/i 

2/2 

11.4 

32.  5 

l 

l/l 

i/i 

2/2 

11.4 

33.  5 

1 

1/1 

i/i 

2/2 

12.2 

33,8 

1 

l/l 

i/i 

2/2 

11.9 

34.  1 

1 

1  /I 

i/i 

2/2 

12.2 

34.4 

l 

l/l 

0/1 

1/2 

12.2 

J4.7 

1 

1/1 

i/i 

2/2 

12.2 

35.6 

1 

1/1 

i/i 

2/2 

12.2 

36.0 

1 

l/l 

i/i 

2/2 

12.6 

36.2 

1 

l/l 

i/i 

2/2 

12.6 

36.6 

l/l 

i/i 

2/2 

12.8 

38.  1 

1 

l/l 

i/i 

2/2 

13.2 

38.6 

1 

l/l 

i/i 

2/2 

Average 

31.6 

31.9 

25.  1  to 

31 

31/31 

30/31 

61/62 

98.  3 

38.6 

TOTALS 


72 


$8/72  57/72  1  1  S/ 1 44 


79.9 
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observations  were  made  of  the  ears  of  over  490  animals.  Those  inside  structures  were 
exposed  to  a  variety  of  "atypical"  blast  waves.  Those  located  inside  shock  tubes  or  in  the 
open  when  high  explosives  were  detonated  were  exposed  to  fairly  "typical"  wave  forms. 

An  attempt  was  made  to  relate  the  incidence  of  eardrum  rupture  to  various  elements  of  the 
measured  pressure-time  curves.  The  association  was  not  the  same  for  "typical"  and 
"atypical"  wave  forms.  Within  the  limits  of  the  meager  differences  were  noted  and  discussed 
with  emphasis  on  the  apparent  wide  variability  in  tolerance  for  which  an  explanation  was 
proposed. 
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